Organopalladium molecules immobilized on the S-terminated GaAs(001), termed GaAs-S-{Pd}, have high catalytic activity and stability in the Heck reaction. It is thought that the presence of Ga-S bonds in the single atomic layer Stermination is essential for these catalytic properties despite the much higher thickness (~100nm) of the organopalladium films. In this study, we demonstrate the retention of Ga-S bonds in ultra-thin GaAs-S-{Pd} by using reflection high-energy electron diffraction (RHEED) and scanning tunnelling microscopy (STM) to show that the organopalladium molecules are immobilized on an intact Sterminated GaAs(001)-(2×6) surface.
INTRODUCTION
An unusual, highly active and re-usable heterogeneous catalyst for the Heck reaction has been discovered recently [1, 2] , best described as the three-component system GaAs-S{Pd}. The substrate is S-terminated GaAs(001)-(2×6) (GaAs-S), produced by immersion of GaAs(001) wafers in NH 4 S x solution or vapour-deposition [3] . Palladium acetate (Pd(OAc) 2 ) is dissolved in acetonitrile and deposited on the GaAs-S substrates by immersion, resulting in structured Pdcontaining thin films which repeatedly give nearly 100 % yield in the Heck reaction [1] . So far combinations of Pd(OAc) 2 and other surfaces have been studied, however, to be known the poor catalytic activity on the S-terminated Si surface and the poor stability on the S-terminated Au or non-terminated GaAs(001) [4] . Although emphases are placed on the amount of Ga-S bonds before the immobilization of {Pd} for the GaAs-S-{Pd} to exhibit the fascinating catalytic property [2] , the surface molecular structure including Ga-S bonds after immobilization of {Pd} has not yet been investigated. It is vital to examine further the surface molecular structure of GaAs-S{Pd} to approach the mechanism of the high catalytic activity in this unique catalyst by employing the tools of analytical surface science. In this paper we demonstrate the vapourdeposition of Pd(OAc) 2 on a GaAs-S surface and report surface observations with reflection high-energy electron diffraction (RHEED) and scanning tunnelling microscopy (STM) in an ultra high vacuum (UHV).
II. EXPERIMENTAL PROCEDURE
The sample preparation and the measurements were completely performed in a UHV molecular beam epitaxy (MBE) chamber equipped with RHEED and STM [5] . Pieces (11×13×0.6 mm 3 ) of GaAs(001), which were cut out from a wafer, were used as substrates. First the surface of the substrate was thermally cleaned to remove the oxide layer under 1×10 -4 Pa of an arsenic atmosphere in a MBE chamber. Next, GaAs buffer layer was grown on the surface by MBE until atomically smooth surface was obtained. The substrate was cooled to room temperature to form c(4×4) reconstruction structure. The substrate was transferred to a load lock chamber to terminate the c(4×4) surface with sulphur. The surface was exposed to 1×10 -3 Pa of sulphur vapour for 5 min. The substrate was again transferred to the MBE chamber and was annealed at 400 °C for 12 h in an UHV. The substrate was subjected to RHEED and STM observation to confirm the formation of GaAs(001)-(2×6) reconstruction structure and the absence of any contamination on the sulphur layer [3] . The vapour-deposition of Pd(OAc) 2 on the GaAs-S surface was then performed in the load lock chamber. For the vapour-deposition of Pd(OAc) 2 a sublimation cell was employed [6] . The substrates were then vapour-deposited with Pd(OAc) 2 at the partial pressure of 6×10 -5 Pa for 4 s and 8 s. These conditions correspond to supplying Pd(OAc) 2 for the ~1 ML and ~2 ML coverage, respectively. The GaAs-S-{Pd} sample was again transferred to the MBE chamber and was heated up to 100 °C for RHEED analysis and STM observation with tip bias voltage -2.8V and set-point current 0.2 nA. Figure 1 shows the RHEED patterns of the substrate surfaces before and after the deposition of Pd(OAc) 2. , respectively. From the brightness line profile analysis, the patterns indicated (2×6) reconstruction structure brought by Ga-S bonds. The deposition of Pd(OAc) 2 did not add any other electron diffraction pattern to the (2×6) pattern. This may be due to the low coverage of Pd(OAc) 2 or that the deposited Pd(OAc) 2 did not form crystalline structure. Moreover, the pattern did not change by the vapour-deposition of Pd(OAc) 2. .
III. RESULTS AND DSCUSSION
Copyright 978-1-4244-2259-3/08/$25.00 IEEE Similar results were obtained when the amount deposited was increased much more. This implies that vapour-deposition of Pd(OAc) 2 did not corrupt the (2×6) reconstruction structure. They report that uniform (2×6) surface reconstruction shows better stability of {Pd} in GaAs-S-{Pd} than rough sulphur surface [2] .
Generally S is known to be one of anticatalysts that significantly suppress the catalytic activity of organometallic catalysts because of its too strong binding affinity to the catalyst molecules. It is interesting that GaAs-S-{Pd} keeps high catalytic activity and stability even with S. The evidence of preserving (2×6) reconstruction structure after immobilization of Pd(OAc) 2 on S-terminated GaAs(001)-(2×6) may also give one of the important clues to understand the mechanism. Because a (2×6) reconstruction unit cell terminates GaAs with a firm framework structure consisting of five S-S adatom dimers, one missing dimer and Ga-S bonds, satisfying the local-charge neutrality in themselves [3] , the binding affinity of S to Pd(OAc) 2 molecules are possibly moderated not to suppress the catalytic activity as compared to that of elemental S. Further discussion needs more information on the electron structure of Ga-S bonds by vibration spectroscopic analyses or molecular orbital calculations. Figure 2 shows the STM images of the substrate surface after the vapour-deposition of Pd(OAc) 2 for 4 s and 8 s. The line profile along the [1-10] direction of the background area indicated (2×6) reconstruction structure. The STM images show scattered dot-like structures, which were not observed before the deposition, on the background (2×6) reconstruction structure. The (2×6) reconstruction structure near the dot-like structure was not corrupted. As the line profile pattern across the dot-like structure is also superimposed on Fig. 2(a) , the typical size of the dot-like structure was ~1 nm width and ~0.2 nm height. On the surface with 8 s deposition the dot-like structures were observed more with some clusters in places than that with 4 s deposition. The amount deposited increased proportionally to the amount supplied. The coverage rate was estimated to be ~2 % for the both deposition conditions. IV. SUMMARY Pd(OAc) 2 was vapour-deposited on S-terminated GaAs(001)-(2×6) surface. The RHEED patterns and STM images showed that Pd(OAc) 2 molecules were immobilized on the surface with preserving the (2×6) reconstruction structure and hence the substructural Ga-S bonds. This supports the assumption that the high catalytic activity and stability is owing to the amount of Ga-S bonds. The result is potentially one of the important clues to understand the mechanism of the high catalytic activity and stability of the GaAs-S-{Pd} catalyst.
The similar width dimension (~1 nm) of the dot-like structures observed in Fig. 2 is found in the literature [7] . They report the STM investigation of in situ complexation of Pd(OAc) 2 by a monolayer of a bipyridine derivative at a graphite surface. In their work, a Pd(OAc) 2 molecule is known to have the dimension of ~1 nm width with STM. Therefore, accounting for their number density and width dimension, the dot-like structures in Fig. 2 are very likely to be Pd(OAc) 2 molecules. REFERENCES The STM line profile pattern was also investigated on the Pd(OAc) 2 molecule placed on HOPG surface. Since the similar profile height (~0.2 nm) was also measured on the Pd(OAc) 2 molecule on the HOPG surface to that on the GaAs-S surface known from the line profile in Fig. 2(a) , the Pd(OAc) 2 molecules are settled on the sulphur reconstruction layer without corrupting or substituting it. This is consistent with the RHEED results that (2×6) reconstruction pattern is remaining after the deposition of Pd(OAc) 2 .
